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Abstract
We present a new time-of-flight spectrometer for energy and angle resolved measurements of
electrons emitted in coincidence from a surface. By using a projection method we can cover nearly
27 of the solid angle above the sample resulting in a very high coincidence efficiency. The use of

this new spectrometer for the double photoemission process from surfaces will be demonstrated.
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I. Introduction

The demand in atomic and molecular physics for highly differential cross sections in
numerous reaction systems like ion-atom collisions [? ? | and photo double ionization of
atoms and molecules [? 7 | led to the development of sophisticated imaging and coincidence
techniques [? ? 7 | see [? ? | for a recent review. All these methods are based on
time-of-flight-systems combined with position sensitive detectors. The main advantage of
this technique lies in the wide angular acceptance compared to ”classical” angle and energy
scanning spectrometers. As the coincidence rate scales with the solid angle 2V where ()
is the solid angle and N the number of particles to be coincidentally detected, coincidence
experiments become a very tedious task for small solid angles.

For the spectroscopy of electrons produced in reactions on solids and surfaces there are
only few experiments exploiting coincidence methods like (e,2e) reactions in forward [?
? | and backscattering geometries [? 7 |. Using synchrotron light as excitation source
auger-photoelectron-coincidence spectroscopy (APECS) [? 7 | is a growing field of interest.
Also experiments on (7,2e) reactions from valence band states [? ] have been reported.
Despite their success all these experiments suffer from very low coincidence rates. In this
article we present a novel spectrometer type for coincidence electron spectroscopy from
surfaces which applies the established imaging techniques from gas targets to electron

emission from surfaces.

II. The Spectrometer

Figure 7?7 shows a sketch of the spectrometer. The target is mounted on a four-axis
manipulator and can be moved through an opening into the spectrometer. The beam enters
through a slit in the side electrodes and hits the target under an angle of 45°. The electrons
are extracted from the target by a weak electric field in the order of a few V/cm and
accelerated over a distance of 26 cm towards the position sensitive multi channel plate
detector (80 mm diameter). The electron flight times are typically < 100 ns. To collect
electrons up to ~ 50 eV emitted into 27 of the solid angle a parallel magnetic field of

~ 10 Gaufl is applied by a pair of Helmholtz coils which is located outside the vacuum



chamber [? |].

The electron trajectory in the spectrometer is given by the parallel electric and magnetic
fields and the initial velocity. The equation of motion in this setup is (with E,, B, the
components of the electric and magnetic field on the spectrometer axis and g.,m. the electron

charge and mass)

met = q.yB,
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This equation integrated and solved for the initial velocities yields (x,y : electron impact

position on detector, t : electron’s time-of-flight)
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s is the length of the acceleration region and w the cyclotron frequency of the
electron in the applied magnetic field. An example of electron trajectories for electron ener-

gies of 40 eV and various emission angles in respect to the surface normal is shown in fig 77 .

The resolution of the spectrometer for momenta parallel to the surface is determined by
the beam spot size on the sample and the spatial resolution of the detector (Ar), the distance
of the impact position from the spectrometer axis r, as well as the electron time-of-flight
t in respect to the cyclotron frequency w in the magnetic field. The momentum resolution

Ak is given by the equation
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In the present case |Ar| = 0.3 mm (the spatial resolution of the position sensitive detector)
and w = 1.9 x 108 s7! (cyclotron frequency of the applied magnetic field). By adjusting
the TOF by tuning the electric field one can achieve a momentum resolution of about
Ak =0.013 a.u. (a.u. = atomic units m, =h =e = 1).

Along the spectrometer axis the resolution is given by the overall time-of-flight of the electron
t , the magnitude of the electric extraction field E, and the timing resolution of the detector

and the TDC (At = 0.5 ns).

Ak, = J (:'2 + quZ)2 (A1) (5)
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Typical values are Ak, = 0.01 a.u. at k&, = 0.5 a.w. and Ak, = 0.03 a.u. at k; = 2.0
a.u.

Figure 7?7 gives an overview on the dependency of the angular and energy resolution on
electron energy and polar emission angle. The diagrams are calculated for an electric field
of 7.8 V/cm and a magnetic field of 10.8 Gaufi.

Due to the 27 collection angle the coincidence efficiency of this spectrometer is significantly
higher than in other conventional setups. Assuming two electrostatic analyzers with a re-
alistic opening angle of 5° one arrives - just considering the accessible solid angle - at a
coincidence efficiency in the order of 1079, whereas it is nearly 1 in our case. Neverthe-
less this number is reduced by the detection efficiency of the detector. For a two-electron
event this amounts to roughly 0.1 which still leaves 5 orders of magnitude to a conventional

system.

III. The Detector

Since the maximal difference of time-of-flights between the fastest (~ 50 eV) and the
slowest (0 eV) electrons in this spectrometer is in the order of only < 50 ns, the ability

of the detector to accept multiple hits is crucial for a successful coincidence measurement.



To achieve a high multi-hit detection and accurate position determination we use a multi
channel plate (MCP) detector with a delay-line read-out. The basic principle of the position
determination with the delay-line detector is shown in figure ?? a). The charge cloud from
the MCP is collected on a delay line anode structure where it forms two pulses propagating
towards the respective ends of the cable. The position information is obtained by subtracting

the individual run times ¢; » which are measured in respect to the trigger pulse of the MCP

taep (Atio =tyep —th2), .8

x = (At — Aty) ¢ (6)

where ¢ is the propagation speed on the delay line. This is the situation for detecting
single electrons. If more than one electron has to be detected within a very short time (fig 77
b)) the signals from different electrons may mix at the end of the delay-line, i.e. the second
detected anode signal at one end belongs to the first electron and vice versa at the other end.
Which signals on the different delay-line ends correspond to each other can be easily found
by determining the time sums of the signal run times at both ends. Since the propagation

time over the whole delay-line is a constant the sum of matching signals is always fixed:

toum = Aty + Aty = const. (7)

This relation can be used to identify signals originating from different electrons. By
checking the sums ty i 1 +t2 pit 1 against tq ;e 1 + 12 nie 2 in the analysis one can by a resorting
algorithm account for the mixing.

In principle two independent delay-line layers would be enough to determine the x and
y position of the electron impact. However we are using a 3-layer anode [? ? ]. Here
the additional layer creates a redundancy which reduces the dead time for multi particle
detection. This is necessary if the separation of the pulses is in the order of the signal width
(~ 8 ns). The redundancy can be used to reconstruct signals, e.g. the MCP-signal, via the
anode signals. If two electrons hit the detector nearly at the same time only 1 MCP-signal
will be detected. However if the electrons are separated sufficiently in position the anode
signals are still separated. Now the known time sums (which are a constant for the detector

arrangement) can be used to reconstruct the missing MCP-signal by using the relation
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The same holds for signals on the anode wires if the separation in arrival time is
sufficient but the separation of the pulses on the anode is not large enough on all anode
layers. Except for a small area around or a short time after the first hit the detection of
two electrons is possible. In this experiment the dead region is limited to a spot of about
5 mm diameter around the first hit and a time of about 8 ns after the first hit which is
sufficient for our purpose. This experimental setup has been designed to detect 2 electrons
fully momentum resolved. Depending on the spread in time-of-flight as well as the time
resolution the (momentum-resolved and coincident) detection of up to 4 electrons should
be possible.

All timing signals (anode signals, MCP signal) in respect to the start signal by the
synchrotron are fed into an eight channel multi-hit time-to-digital converter (TDC) which

is run in common-stop mode.

IV. Experiment

First experiments with this setup have been performed at beam line BW3 at HASY-
LAB/DESY in Hamburg with photons in the energy range from 40 — 100 eV. The target
was a single crystal Cu(111) surface which was cleaned by Ar™ sputtering and annealing
cycles. To prevent background produced by the detection of uncorrelated electron pairs that
have been created by two photons within one bunch of the synchrotron pulse (repetition
frequency 5 MHz) the single electron detection rate was always kept below 2 kHz. Because
of this very low photon rate space charge effects also do not play a role in this experiment.
Figure 7?7 shows an angle-integrated electron time-of-flight spectrum in the case of 40 eV
photons hitting the surface. The sharp cut-off for low flight times (~ 44 ns) corresponds
to electrons originating from near the fermi level. The cut-off for long TOFs (~ 65 ns) is
due to the electric field which defines a maximum flight time for 0 eV electrons. Combined
with the position information (fig. ?7?) the spectra show a periodic pattern which reflects
the cyclotron motion of the electrons along the spectrometer axis. For flight times being

multiples of the cyclotron period (7" = 33 ns) all trajectories are being refocused to a



single point in the xy-plane. This fact can also be used as a very precise calibration of the
magnetic field and the time zero by interpolating over several of these knots. Furthermore
it can be used to adjust the relative alignment of the electric and magnetic field. If the
electric and magnetic fields are not parallel the focus points will move as a function of
flight time in the xy-plane. The explicit shielding of the earth’s magnetic field is also not
necessary. Only the effective field, which is the sum of the applied field ﬁapplied and the
earth’s field ]:D;earth matters for the experiment. Since ﬁapplied is typically much larger than
Beourn (10 Gaul compared to 0.5 GauB) the resulting field ﬁeff = ﬁa,pplied + Bogren can
be easily controlled to be exactly parallel to E by the method described above. However
inhomogenities in the magnetic and electric field have to be avoided. The electric field is
determined by the applied voltages on the resistor chain which connects the electrodes.
This value can be fine-tuned by looking at the electrons (from single photoemission) with
normal emission direction and comparing their energy spectrum with literature values.
Furthermore, when working with higher photon energies, one can use electrons from excited
core levels whose kinetic energies are just given by their binding energy and the photon
energy to calibrate the electric field.

All measured position and time information for each electron are stored event-by-event in
a list mode file using the COBOLD data acquisition software [? ]. Angles and energies are

being calculated later in the off-line data analysis.

V. Results for Single Photo Emission

Figure 7?7 shows an energy spectrum for 40 eV photons which can be obtained by recon-
structing the initial momenta from the time and position information knowing the electric
and magnetic fields. Visible in this angle integrated spectra is the energy distribution for
single photo electron emission. It shows the emission from valence band states at around
32 eV while the maximum of secondary electron emission is at about 2 — 3 eV.

Since the complete momentum distribution is measured we can also create angle resolved
spectra of the valence band photo emission. Figure 7?7 shows the momenta parallel to the
surface for emission from binding energies from 0 to 10 eV. The photon incidence angle is

45° and the polarization lies in the Y-plane. The periodic pattern visible in this momentum



plot reflects the symmetry of the Cu(111) surface while the increasing intensity towards the

positive y-axis is due to the off-normal incidence of the photon beam.

VI. Results for Double Photo Emission

Applying coincidence conditions on the angle integrated energy spectrum (fig. 77), i.e.
requiring a second electron to be emitted for one incident photon, the spectra yield a very
different shape (fig. ?7). The structure from the valence band photo emission vanishes
completely, leaving a steeply rising structure towards lower energies. This can be explained
by the fact that the photon energy now has to be shared between the two emitted electrons.
The energy sharing can be seen in more detail in figure ??. Plotted is the energy of one
detected electron against the energy of the second coincident electron. The triangular shape
is due to energy conservation: because the photon energy has to be shared between the two
electrons the maximum available sum energy (constant sum energies correspond to diagonal
lines from the upper left to the lower right corner in fig ??) is fixed. As the electron pair is
created inside the solid both electrons furthermore have to overcome the surface barrier of
~ 5 eV. The position of the high energy cut-off can thus be given as Fgy,, < Eppoe — 2Wy
(with the work function Wy). Electrons emitted with sum energies close to this threshold
originate from states close to the Fermi level, i.e. 0 eV binding energy. Electron pairs with
lower sum energies either stem from valence band states with larger binding energies or must
have suffered energy loss by inelastic scattering inside the solid. Assuming a self-convolution
of the single electron band structure to obtain the allowed levels for double photo electron
emission gives a lower energy limit of Ej,,, = 10 eV for the electron pairs which left the solid
without any energy loss. Below this energy the electrons can be seen as part of a typical
secondary electron cascade. The ratio of two-electron emission (including inelastic scattering
events) to the emission of a single electron at 40 eV photon energy can be estimated from

our data. Including corrections for the detection efficiency one arrives at a value of about

1%.
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hexagonal delay line structure

FIG. 1: Sketch of the time-of-flight spectrometer. Parallel homogeneous E and B fields are used to
extract electrons from the target and project them onto a position and time sensitive multi-channel

plate detector. The photon beam enters from the left into the spectrometer through a slit in the

side electrodes.

sample detector

7/
direction of electric and magnetic fields

FIG. 2: Example for electron trajectories at 40 eV kinetic energy and various emission angles

calculated with SIMION 7.0. The electric field is 7.8 V/cm, the magnetic field 10.8 Gau8.
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FIG. 3: a) Energy resolution AFE as a function of energy and polar angle of the emitted electron.
The energy resolution in eV is given as gray scale coding on the z-axis. Values have been calculated
for an extraction field of 7.8 V/cm and a magnetic field of 10.8 GauB. b) Angular resolution (polar
angle) A© as a function of energy and polar angle of the emitted electron. The resolution in

degrees is given as gray scale coding on the z-axis, same field settings as in a).
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FIG. 4: a) Single electron detection with the delay-line detector: the electron cloud from the
MCP is collected on the anode wires and propagates towards the respective ends. The position
determination is achieved by subtracting the run times. b) Detection of two electrons which arrive
at the detector at nearly the same time. The timing signal order on the anode mixes but can be

corrected in the off-line analysis. See text for details.
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FIG. 5: Angle integrated time-of-flight spectrum for hw = 40 eV. The low energy cut-off lies at
65 ns while the fastest electrons originating from the fermi level have a minimum flight time of

44 ns.
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FIG. 6: X position on the detector vs. TOF for a low extraction field (0.2 V/cm). The magnetic
field induces a cyclotron motion on the electron trajectory which is refocused to a single point with

the periodicity of the cyclotron frequency.

TP PO PR O PR O P J
G0 5 10 15 20 25 30 35 40 45 50

electron energy [eV]

FIG. 7: Angle integrated electron energy distribution for iw = 40 eV on Cu(111). The peak at
~ 32 eV stems from the Cu 3d valence band while the secondary electron maximum lies at 2 — 3

eV.
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FIG. 8 Momentum plot of photoemission from valence band states in Cu(111) (integrated over

binding energies from 0 — 10 eV). K,

surface. The polarization of the photons of hw = 40 eV lies in the YZ-plane.

¢,y are the momentum components parallel to the sample

FIG. 9: Energy spectrum of a coincident electron in the same configuration as in fig ?7.

spectrum is integrated over all properties of the corresponding partner electron.
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FIG. 10: top : Coincident energy-energy spectrum for Aw = 40 eV. Cut-off energy is at about

~ 30 eV. Bottom : corresponding sum energy (E; + Fs) spectrum.
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